demonstrate that in order to get a handle on the origins and maintenance of microbial diversity, the evolution of interactions must be considered and examined in a spatial context.
Neuroscience: The Chain Reaction of Dendritic Integration
Central neurons receive thousands of synaptic inputs. A recent study shows how pyramidal neurons of the mammalian neocortex integrate synaptic input in a parallel manner, illustrating how a chain of dendritic integration mechanisms act to signal distal dendritic excitatory synaptic input.
Stephen R. Williams and Christian Wozny
Nerve cells of the central nervous system are connected into intricate networks by synapses. A long-standing problem in neuroscience is how neurons integrate the many thousands of synaptic inputs they receive to generate output signals, termed action potentials. This problem is by no means trivial, as synapses are positioned throughout the elaborate dendritic trees of central neurons. Because of the biophysical properties of neurons, the electrical impact of synapses diminishes with distance, meaning that synapses positioned remotely in the dendritic tree, far from the site of action potential generation, will only very weakly influence neuronal output [1] . In a recent paper, Larkum et al. [2] show that excitatory synaptic input to the most remote parts of the dendritic tree powerfully controls neuronal output through a chain of dendritic integration compartments.
If we were to engineer neurons, it would be logical to place synapses important for the operation of a neuronal circuit close to the site of action potential generation to ensure they have a powerful impact on neuronal output. In the nervous system, however, distinct synaptic pathways are targeted to remote dendritic sites. One beautiful example of this lies in the neocortex. Layer 5 neocortical pyramidal neurons have a complex dendritic tree, with a field of dendrites surrounding the cell body, close to the site of action potential generation, and a second field attached via a long dendritic cable nearly a millimetre away from the cell body, referred to as the apical dendritic tuft (Figure 1 ). The apical dendritic tuft of layer 5 pyramidal neurons receives two important streams of excitatory input, originating from the thalamus [3] and surrounding neocortical areas [4] . Larkum et al. [2] explored the way that excitatory synaptic input is integrated in the apical dendritic tuft of this class of neocortical pyramidal neuron.
Using imaging technology to guide electrical recordings from the fine branches of the apical dendritic tuft of layer 5 neocortical pyramidal neurons, Larkum et al. [2] were able to show that non-linear excitatory synaptic integration occurs independently in branches of the apical dendritic tuft (Figure 1, green traces) . Surprisingly, this is not the end of the integrative process, as the results of integration in each dendritic branch are fed to a common site of integration, situated in the main apical dendritic trunk of layer 5 pyramidal neurons (Figure 1 , red trace). If a critical voltage threshold is reached at this site, a large regenerative dendritic spike is evoked that propagates to the axon to trigger action potential output [5] (Figure 1 , blue trace).
There are many factors that contribute to the complex nature of this integration process. First, Larkum et al. [2] demonstrated that unitary excitatory postsynaptic potentials (EPSPs) generated in the apical dendritic tuft attenuate massively as they spread to the main apical dendritic trunk, suggesting that apical dendritic tuft excitatory synapses have a weak direct signalling role at the dendritic trunk spike initiation zone. To overcome this, excitatory inputs are amplified close to their site of generation.
Larkum et al. [2] found that, when groups of excitatory synapses are activated by electrical stimuli, the amplitude and duration of EPSPs are amplified by the generation of spikes dependent on the N-methyl-D-aspartic acid (NMDA) class of glutamate receptors (Figure 1, green traces) . At the most excitatory synapses in the mammalian brain, glutamate is the principal excitatory neurotransmitter. Synaptically released glutamate binds to two main classes of postsynaptic receptor, amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and NMDA receptors, which are enriched at the synapse. Unitary EPSPs are mostly mediated by the AMPA receptor conductance; however, if a number of neighbouring excitatory synapses are activated, the voltage-dependent NMDA receptor conductance becomes significant and can lead to the generation of a regenerative spike-like response, termed an NMDA spike [6] . Because of the fine calibre and proximity to a sealed end, EPSPs generated in the terminal dendrites of pyramidal neurons are of large amplitude; consequently the recruitment of only a few (<10) excitatory synapses can lead to the generation of NMDA spikes, which act to dramatically amplify synaptic efficacy [2] .
Importantly, Larkum et al. [2] were able to show that individual branches of the apical dendritic tuft can perform this operation in relative isolation, with minimal crosstalk between branches of the apical dendritic tuft. The next step in this three-step dance is crucial: the authors found that NMDA spikes in individual branches are not powerful enough to evoke an apical dendritic trunk spike, but the activation of two or more braches is (Figure 1, green  traces) . Furthermore, computer simulation revealed that the generation of NMDA spikes greatly reduced the number of activated excitatory synapses necessary for the generation of an apical dendritic trunk spike. Thus, the apical dendritic trunk appears to function as an integrator of active processing in individual apical dendritic tuft branches, as suggested by computer modelling [7] . This is certainly an attractive scheme, but many pieces of the puzzle are missing. Focal electrical stimuli are far from physiological, synchronously activating excitatory synapses at discrete dendritic sites. Furthermore, focal electrical stimulation gives no information about the nature of the presynaptic axons activated; do presynaptic neurons that target the apical dendritic tuft make synaptic contacts clustered on individual branches or are they distributed throughout the apical dendritic tuft? Moreover, what is the role of synaptic inhibition, and can NMDA spikes be evoked under higher conductance in vivo conditions [8] ? The integration scheme highlighted by Larkum et al. [2] also appears to diverge from that found in related neuronal classes, such as CA1 pyramidal neurons, where active dendritic spike mechanisms mediated by the recruitment of voltage-activated sodium channels are operational in fine calibre dendritic branches [9] .
The new work [2] , however, provides important insight into the way neocortical pyramidal neurons operate. A striking parallel between dendritic integration in the apical dendritic tuft and the basal dendritic tree, which surrounds the soma, seems to emerge [2, 10] . In both trees, NMDA spikes are operational in single dendritic branches and in both dendritic trees, NMDA spikes are integrated at common collection sites, the apical dendritic trunk and axon initial segment, respectively (Figure 1) . Thus, the layer 5 neocortical pyramidal neuron seems to behave as two neurons in one, when synaptic input is focussed either to the basal or apical dendritic tree. This is not the end of the story, however, as co-operative integration can occur when axo-somatic and apical dendritic trunk integration compartments are co-activated [11, 12] . In order to gauge the repertoire of synaptic integration in neocortical pyramidal neurons, therefore, new methods must be developed to drive, in a physiological manner, known excitatory and inhibitory pathways that target determined dendritic sites. Only with this information can we ascertain the role of the dendritic integration in neocortical circuit operation. Figure 1 . Schematic representation of integration compartments in a neocortical pyramidal neuron.
